The Corynebacterium glutamicum genes encoding urease were isolated and sequenced. While ureA, ureB and ureC are encoding structural subunits of urease, ureE, ureF, ureG and ureD are encoding accessory proteins. As deduced from DNA sequence analyses, the ure genes are transcriptionally coupled, this was proven by RT-PCR at least for ureABC. Gene disruption experiments revealed that both structural (UreC) and accessory proteins (UreD) are indispensable for urease activity and growth on urea. Urease activity was determined in different Corynebacterium species after growth in various media. While the regulation patterns observed revealed species-specific differences, in general urease activity is induced upon nitrogen starvation. As in mycobacteria, in corynebacteria urease activity was highest in a pathogenic species and might also play a role in host^pathogen interaction. ß
Introduction
The Gram-positive soil bacterium Corynebacterium glutamicum is applied in fermentation processes on industrial scale based on its remarkable ability to excrete high amounts of glutamic acid. By the use of di¡erent mutant strains, not only large amounts of L-glutamate (800 000 t/ a) but also L-lysine (250 000 t/a) are produced, beside smaller amounts of the industrially less important amino acids L-alanine, L-isoleucine and L-proline [9] . Phylogenetically, corynebacteria belong to the mycolic acid-containing actinomycetes and are closely related to mycobacteria [12] .
Urea is a readily available nitrogen source which can also be metabolized by C. glutamicum. As a consequence, urease activity is an important factor for the optimal nitrogen supply of the cell, either in its natural soil environment or in bioreactors. Additionally, in many species like Helicobacter pylori or Mycobacterium tuberculosis, urease is discussed as a determinant of virulence (for review, see [10] ).
Based on previous studies on urea transport and urease activity in C. glutamicum [16] , we extended our investigations on the C. glutamicum urease-encoding genes and compared the enzymatic data with urease activity in other Corynebacterium species.
Materials and methods

Bacterial strains and growth
Strains and plasmids used in this study are shown in Table 1 . Escherichia coli cells were routinely grown in Luria^Bertani medium [14] at 37³C, Corynebacterium ammoniagenes, Corynebacterium callunae, Corynebacterium diphteriae and C. glutamicum in Brain Heart Infusion (BHI, Difco, Detroit, USA) at 30³C. For growth and urease activity tests, cells were also grown in minimal medium (per liter : 40 g MOPS, 25 g glucose, 0. 
General molecular biology techniques
Cloning of DNA and subsequent transformation of E. coli cells were carried out using standard techniques [14] . RNA was prepared after disruption of the C. glutamicum cells by glass beads using the RNeasy Mini kit (Qiagen, Hilden, Germany). The RNA was size-fractionated using agarose gels containing formaldehyde and blotted onto nylon membranes [14] . Northern hybridizations were carried out with DNA probes prepared by PCR using digoxigenin-labeled dNTPs (PCR DIG Labeling Mix Plus; Roche, Mannheim, Germany) and the following primer combinations: 5P-GAAATGGGAGTCGGCCTGTC-3P/ 5P-CTGGACAGGATGTACTCGCC-3P (ureA); 5P-CAC-ACTACTTGGATGATTCC-3P/5P-CTCAGTGCGGTTG-CTCAG-3P (ureD). For reverse transcription (RT)-PCR, the Enhanced Avian RT-PCR kit (Sigma, Deisenhofen, Germany) and the following primer combinations were used : 5P-GCGATCTTTACGGCGACGTGCAA-3P/5P-A-GGTGTAAGGAATCTGACCAAA-3P (ureABC); 5P-GC-GATCTTTACGGCGACGTGCAA-3P/5P-AGCAACCG-CACTGAGGAGTTGAT-3P (ureABCEFGD); 5P-AGCT-CAGTATCAGCAAGACGTACT-3P/5P-TCACGCCAA-GCGATATTCACC-3P (ureCE); 5P-TGGTGTCGATCG-CAGTGATAA-3P/5P-TCACGCCAAGCGATATTCAC-C-3P (ureE); 5P-TGGTGTCGATCGCAGTGATAA-3P/5P-GGTGATGTTCGCCATGCGTGA-3P (ureEF).
Construction of insertion mutants
For the disruption of ure genes in the C. glutamicum chromosome, internal gene fragments of ureC and ureD were ampli¢ed by PCR using chromosomal DNA of the wild-type as template and the primer combinations 5P-AACCTGCTCAGCCAGCG-3P/5P-CACGTGCACTTCT-TGGG-3P for ureC and 5P-CACACTACTTGGATGA-TTCC-3P/5P-CTCAGTGCGGTTGCTCAG-3P for ureD. The resulting 0.3-kb ureC and 0.5-kb ureD fragments were ligated to plasmid pK18mob and sequenced for control. After transfer of these constructs in C. glutamicum cells, kanamycin-resistant clones carried the plasmids integrated in the chromosome via homologous recombination since pK18mob derivatives cannot be replicated by C. glutamicum. To con¢rm the insertions, Southern hybridizations were carried out using the DIG labeling and detection kit (Roche, Mannheim, Germany).
Determination of urease activity
Urease activity was measured by the indophenol method [7] . Cells were harvested and washed once with 50 mM potassium phosphate bu¡er at pH 7.0, resuspended to an OD 600 of 200, and disintegrated by ultrasonic treatment with a Branson soni¢er 250 at an output control of 2.5 and a duty cycle of 25% for 4 min. After centrifugation at 4³C for 30 min at 18 000Ug, urease activity was determined immediately in the cell-free supernatant by measuring the amount of ammonia produced from urea in 15 min 
Transport measurements
For uptake studies, cells were harvested, washed with potassium phosphate bu¡er (50 mM, pH 7.0) and resuspended in the same bu¡er to an OD 600 of 3^4. After the cells were prewarmed for 3 min at 30³C in the presence of 10 mM glucose, uptake was initiated by adding [
14 C]urea. The [ 14 ] urea concentration in the medium was determined by using a Beckman LS6500 multi-purpose scintillation counter and uptake rates were calculated from the decrease of the label.
For urea e¥ux measurements, cells were harvested, washed and resuspended to an OD 600 of 250 to have a suitable internal volume [16] . Subsequently, the cell suspension was stored on ice for 16 h in the presence of 100 mM [
14 C]urea to preload the cells with urea via di¡usion. Urea e¥ux was initiated by a 200-fold dilution of the cell suspension into prewarmed bu¡er (50 mM potassium phosphate, pH 7.0, 30³C) and the intracellular labeled urea was determined by rapid ¢ltration using glass ¢ber discs (0.45-Wm pore size) [16] . [ 14 C]Urea was measured by scintillation counting.
Results
Analysis of the urease-encoding genes
The ureC gene was discovered by an unrelated PCR screening approach (M. Nampoothiri, unpublished), simultaneously the ure gene cluster was isolated during the systematic sequencing of the C. glutamicum genome by the Degussa-Hu « ls AG. Analysis of the nucleotide sequence data, submitted to GenBank (EMBL, Heidelberg, Germany, accession number AJ251883), revealed a single 335/310 region matching the C. glutamicum promoter consensus motif [13] upstream of the ure genes organized in the order ureABCEFGD. Downstream of this cluster, a terminator structure was found. Taken together, these data indicate a common ureABCEFGD transcript. The ure cluster exhibits a G+C content of 52.5% which is in accordance with the overall 54.3% G+C content of C. glutamicum genes reported previously [11] .
The deduced amino acid sequences exhibit a high percentage of identical amino acid residues with corresponding proteins from Synechocystis sp. PCC 6803 (ureB, Swiss P74386, 59% identity), Staphylococcus xylosus (ureG, Swiss P42877, 71% identity), and genes from the thermophilic Bacillus sp. TB-90 (ureC, Swiss Q07397, 63%; ureD, Swiss Q07400, 36%; ureE, Swiss Q07401, 38%; and ureF, Swiss Q07402, 38% identity). 
Transcription of the C. glutamicum ure gene cluster
To show that the identi¢ed ure genes are organized as an operon, RNA was prepared and hybridized with denatured digoxigenin-labeled DNA probes against ureA and ureD. Although this method worked successfully for the C. glutamicum gap gene, it was not sensitive enough to detect ure mRNA, indicating a low level of transcription. Based on the high stability of urease and its high turnover number, only low amounts of transcript may be necessary. Additionally, the transcript might be unstable due to its length. To circumvent these problems, RT-PCR assays were carried out. While a common transcript of ureA and ureD could not be shown, an ureABC transcript was detectable. When one primer annealing to ureA and one to ureC mRNA were used, a 1.5-kb DNA fragment was ampli¢ed spanning the ureABC genes (Fig. 1A) . The RT-PCR product was sequenced for control (data not shown) and PCR control reactions without reverse transcriptase revealed no transcript, proving that RNA preparations were not contaminated with chromosomal DNA. By additionally carried out RT-PCR reactions, an ureE transcript was found while ureCE and ureEF products were not detectable (data not shown). This result may also indicate a very low amount of full length ure mRNA.
RT-PCR reactions were also used to study a putative regulation of transcription of the ure genes. For this purpose, an ureA fragment was ampli¢ed from RNA prepared from cells grown with a surplus of ammonium and urea, under urea limitation, or from cells starved for nitrogen, respectively. Under all these conditions tested, no regulation on the level of transcription was observed within the detection limit of this method (Fig. 1B) .
E¡ect of disruption of the C. glutamicum ureC gene on urease activity
The ureC gene, encoding the urease structural subunit Q [10] , was disrupted and the insertion was veri¢ed by Southern blotting (data not shown). In the resulting strain, UR4, urease activity was lost completely. As a consequence, when UR4 was incubated in minimal medium with urea as nitrogen source, no growth and no decrease in the concentration of labeled urea in the medium were detected while the wild-type revealed an urea uptake rate, calculated from the decrease of urea in the medium, of 10 nmol (mg dry weight) 31 min 31 (Fig. 2) , which corresponds to the rates published [16] .
In£uence of a ureC gene disruption on urea uptake
Recently, an urease-negative mutant strain was isolated after unspeci¢c mutagenesis using N-methyl-NP-nitro-N-nitrosoguanidine [16] . This strain, DMN29, was not only urease-negative but also de¢cient in urea uptake. It was speculated that DMN29 carried either mutations in the genes encoding urease and the urea transporter or in a gene of the nitrogen regulatory cascade. When uptake of [ 14 C]urea was tested with the de¢ned ureC mutant strain UR4, also in this case neither uptake nor accumulation were observed (data not shown). This lack of urea uptake in strain UR4 gave rise to the idea of a putative activity regulation of the urea uptake carrier by urease.
To further characterize urea transport in urease mutant strain UR4, exchange of radioactive-labeled urea was tested. For this purpose, nitrogen-starved cells which were preloaded with [
14 C]urea were diluted in either bu¡er or unlabeled urea. In the case of an active transport system, a trans e¡ect of urea in the medium is expected resulting in a diminished e¥ux. No di¡erence of exchange was observed for UR4 cells. This result indicates a di¡u-sion-driven process and con¢rms that the urea transport system is inactive in urease-de¢cient mutants (Fig. 3) . Fig. 2 . Urea consumption in C. glutamicum wild-type ATCC 13032 (closed diamonds) and ureC disruption strain UR4 (closed squares). Experiments were carried out at least in duplicate with identical results (less than 10% deviation). Fig. 3 . E¥ux experiments. UR4 cells were starved for nitrogen for 3 h to induce carrier synthesis and subsequently loaded with 100 mM [ 14 C]urea. Urea e¥ux was initiated by 200-fold dilution of the cell suspension into bu¡er (50 mM potassium phosphate, pH 7.0, containing 100 mM unlabeled urea; closed squares) or water (closed diamonds). Experiments were carried out in duplicate with identical results (less than 15% deviation).
E¡ects of a ureD disruption
Also a gene for an accessory subunit of urease, ureD, was disrupted. When the corresponding mutant strain UR-GB was analyzed, no transport and degradation of [ 14 C]urea was observed, urease activity in nitrogen-starved cells was diminished to 0.1 U (mg protein) 31 compared to 7.8 U (mg protein)
31 for the wild-type, and strain UR-GB showed the same growth defects on minimal medium as strain UR4 (data not shown). These results verify the data obtained with the ureC mutant and show that also ureD is indispensable for the synthesis of a functional urease.
Comparison of urease activity in di¡erent
Corynebacterium species
A correlation of urease activity and pathogenity was discussed for various bacteria, e.g. for mycobacteria [4] or for H. pylori [5] . In general, a higher urease activity is found in pathogens. We were interested if a similar correlation can be made also for corynebacteria and, therefore, studied urease activity in C. ammoniagenes, C. callunae and C. glutamicum, in comparison to urease activity in the pathogen C. diphteriae (Table 2) . Lowest urease activities were determined when cells were grown on BHI medium. In this case, no activity was observed for C. callunae, while C. diphteriae exhibited the highest found activity with 2.4 U (mg protein) 31 . Starvation enhanced urease activities in all strains beside C. callunae, which never showed urease activity when grown on complex medium. Again C. diphteriae revealed the highest observed activity with 9.3 U (mg protein) 31 . While no data could be obtained for C. ammoniagenes which did not grow on minimal medium with urea or ammonium as nitrogen source, C. callunae revealed urease activity only when grown on minimal medium. Beside C. ammoniagenes, the strains showed higher activities when grown on minimal medium than in complex medium. This was further enhanced in the presence of urea in C. callunae and C. diphteriae, while in C. glutamicum no induction by urea was observed. Highest urease activities, either in cells grown in minimal medium with ammonium or urea, were again measured in C. diphteriae.
Discussion
The genes encoding C. glutamicum urease were isolated and sequenced. Deduced from sequence similarities, the ureABC genes encode urease structural subunits, while the ureEFGD genes are encoding accessory proteins. Both structural (UreC) and accessory proteins (UreD) are indispensable for urease activity. The results obtained from Northern hybridizations and RT-PCR experiments indicated a low abundance ure transcript. An RT-PCR approach was also used to study regulation of the ure genes on the level of transcription. Under the conditions tested and in the detection limit of this method, no transcriptional regulation was observed. This suggests that the increase in urease activity by a factor of approximately 10, observed when C. glutamicum cells grown in BHI medium were starved for nitrogen, might be contributed to activity regulation of the enzyme rather than to regulation on the level of ureABCEFGD expression.
Urease-negative mutant strains revealed additionally an urea transport-negative phenotype. This phenomenon can be interpreted as an indication for a putative regulatory interaction of urease and urea transporter. This kind of regulation would e¡ectively prevent di¡usion of urea transported into the cell back into the medium when urease activity is restricted. A similar concept of regulation to prevent an energy-wasting futile cycle, in which energydependent uptake of ammonium is counteracted by di¡u-sion of ammonia out of the cell, was introduced for enterobacteria by Kleiner [8] . In principle, the transport defect of urease-negative strains can also be explained by assuming that the urea carrier works as a facilitator. Consequently, urea transport would be driven by urease activity. This model, however, is in contrast to the results obtained by Siewe and co-workers [16] , which showed proton-motive force-dependent urea uptake. A detailed kinetic analysis of urea uptake under di¡erent metabolic conditions is necessary to solve this puzzle in the future.
When urease activity was determined in di¡erent corynebacteria, in the majority of the studied species, namely C. ammoniagenes, C. diphteriae and C. glutamicum, enzyme activity increases upon nitrogen starvation. The presence of urea in the medium leads also to a rise of urease activity compared to that found in ammonium-fed cells at For the incubation without nitrogen source, cells were grown in BHI medium and subsequently incubated in minimal medium without nitrogen source for 3 h. Data represent mean values of at least two independent experiments (deviations were less than 15%); n.d., not determined, since cells were not able to grow on these nitrogen sources.
least in C. callunae and C. diphteriae. A repression of urease synthesis in the presence of urea as found for B. subtilis [2] was never observed in the studied Corynebacterium species. Similar as discussed for mycobacteria, also in corynebacteria urease activity is correlated with pathogenity, i.e. the highest activities were observed in the pathogen C. diphteriae, suggesting a role in host^pathogen interaction.
